There is extensive evidence that the mitogen-activated protein kinase (MAPK) signaling cascade mediates programmed cell death in neurons. However, current evidence that the mixed linage kinases (MLKs), upstream in this cascade, mediate cell death is based, in the in vivo context, entirely on pharmacological approaches. The compounds used in these studies have neither complete specificity nor selectivity among these kinases. Therefore, to better address the molecular specificity of the MLKs in mediating neuron death, we used dominant-negative constructs delivered by AAV (adenoassociated virus) vector transfer. We assessed effects in a neurotoxin model of parkinsonism, in which neuroprotection by pharmacologic MLK inhibition has been reported. We find that two dominant-negative forms of dual leucine zipper kinase (DLK) inhibit apoptosis and enhance long-term survival of dopamine neurons, but a dominant negative of MLK3 does not. Interestingly, the kinase-dead form of DLK not only blocks apoptosis but also has trophic effects on dopamine neurons. Although the MAPK cascade activates a number of downstream cell death mediators, we find that inhibition of DLK correlates closely with blockade of phosphorylation of c-jun and prevention of cell death. We conclude that DLK acts primarily through c-jun phosphorylation to mediate cell death in this model.
Introduction
The mixed lineage kinases (MLKs) are upstream mediators of programmed cell death (PCD) in neurons, acting through the mitogen-activated protein kinase (MAPK) cascade to phosphorylate and activate the transcription factor c-jun (for review, see Gallo and Johnson, 2002; Wang et al., 2004; Silva et al., 2005a) . Recently, there has developed a particular interest in the MLKs in relation to Parkinson's disease (PD), based on the discovery of disease-causing mutations in LRRK2 (leucine-rich repeat kinase) (Paisan-Ruiz et al., 2004; Zimprich et al., 2004) , which bears homology to members of the MLK class (Mata et al., 2006) . Its activity appears to be required for cellular toxicity (Greggio et al., 2006; Smith et al., 2006) , and, interestingly, some of the diseasecausing mutations result in increased kinase activity (West et al., 2005; Gloeckner et al., 2006; Greggio et al., 2006) .
The concept that the MLKs may play a role in PCD, and thereby in the progression of PD, has been put to a clinical test in an investigation of 3,9-bis[(ethylthio)methyl]-K-252a (CEP1347), an MLK inhibitor (Waldmeier et al., 2006) . Unfortunately, the trial failed to show efficacy to slow disease progression. However, this disappointing result cannot be taken as evidence that the overall strategy is a failure (for review, see Burke, 2007) . It is unknown, for example, whether MLK inhibition in brain was actually achieved.
If we are to further consider inhibition of the MLKs as a potential neuroprotective approach, we must advance our understanding of their neurobiology as mediators of PCD in neurons. Although the role of the MLKs in mediating PCD in neurons has been supported by both pharmacologic and molecular approaches in the in vitro context (for review, see Silva et al., 2005a) , this is not the case for in vivo studies. All of these studies have been based on pharmacologic inhibition of the MLKs with either CEP1347 or its analog bis-isopropylthiomethyl-K-252a (CEP11004) (Murakata et al., 2002 ) (for review, see . These compounds are not specific for the MLKs. Roux et al. (2002) have shown that CEP1347 also activates the survival signaling kinase Akt through an MLK-independent pathway. We showed that activation of Akt signaling in dopamine (DA) neurons of the substantia nigra (SN) has marked neurotrophic and antiapoptotic effects in vivo (Ries et al., 2006) . Furthermore, these drugs are broadly inhibitory among kinases within the MLK class Murakata et al., 2002) and they do not permit identification of a selective role for any one of them.
To address these issues of the specificity and selectivity of the MLKs in PCD in SN DA neurons in vivo, we used an adenoassociated virus (AAV) vector approach to deliver dominant-negative (DN) forms of MLK3 and dual leucine zipper kinase (DLK), to assess their ability to suppress apoptosis in DA neurons of the SN induced by the neurotoxin 6-hydroxydopamine (6OHDA). We find that two dominant-negative forms of DLK, but not MLK3, are effective in suppressing apoptosis. Unexpectedly, we find that the "kinase-dead" dominant-negative form of DLK has trophic effects on SN DA neurons.
Materials and Methods
Generation of recombinant AAV. Plasmids encoding human DN-DLK(K152A) and DN-MLK3(K144R) were kindly provided by Dr. Lloyd Greene (Columbia University, New York, NY). The dominant-negative activity of these kinase-dead constructs has previously been demonstrated in vitro ). The DN-DLK(K152A) and DN-MLK3(K144R) sequences were modified by overlapping PCR to incorporate a FLAG-encoding sequence at the 3Ј end and inserted into an AAV packaging construct, which incorporates the cytomegalovirus enhancer/ chicken ␤-actin promoter and a woodchuck hepatitis virus postregulatory element, as previously described (Olson et al., 2006) . The sequence encoding the leucine zipper (LZ) domain of human DLK was obtained by PCR from the human DLK clone using primers for the nucleotide sequence encoding amino acids 372-487. The LZ domain of DLK has been previously shown to have dominant-negative activity specific for DLK (Nihalani et al., 2000) . The forward primer, with 5Ј extension for FLAGtag, was 5Ј-GGATCCACCATGGACTACAAGGACGACGATGACA-AGCTCTCCACACCCC-3Ј; and the reverse primer was 5Ј-GAATTCACTCCATTGTGTTTCCATGCAGGA-3Ј. The PCR product was cloned in the AAV packaging construct as above. All nucleotide sequences in the AAV packaging constructs were confirmed before AAV production.
Recombinant AAV was packaged and purified as described previously (Olson et al., 2006) . The genomic titer of each virus was determined using real-time PCR. The final titers were as follows: 2.4 ϫ 10 12 for AAV-MLK3(K144R); 3.4 ϫ 10 13 for AAV-DLK(K152A); and 5.1 ϫ 10 13 for AAV-DLK (LZ) [viral genomes per milliliter (vg/ml)]. EGFP was subcloned into the same AAV packaging construct, and viral stocks were used at a titer of 4.6 ϫ 10 12 (vg/ml). In separate experiments, this titer of AAV-GFP was found to be without effect on SN DA neurons, quantified by tyrosine hydroxylase (TH) immunohistochemistry and stereologic counts, at 28 d after injection.
Experimental animals. Adult (8 week) male C57BL/6 mice weighing ϳ25 g were obtained from Charles River Laboratories (Wilmington, MA). All injection procedures, described below, were approved by the Columbia University Animal Care and Use Committee.
Virus injection. Mice were anesthetized with ketamine/xylazine solution and placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA) with a mouse adapter. The tip of 5.0 l syringe (Agilent, Santa Clara, CA) needle (26S) was inserted to the following stereotaxic coordinates: anteroposterior (AP), Ϫ0.35 cm; mediolateral (ML), ϩ0.11 cm; dorsoventral (DV), Ϫ0.37 cm relative to bregma. These coordinates place the needle tip dorsal to the posterior SN. Viral vector suspension in a volume of 2.0 l was injected at 0.1 l/min over 20 min. After a wait of 5 min, the needle was slowly withdrawn. Successful transduction of DA neurons of the SN was confirmed histologically by double immunolabeling for FLAG and TH.
6OHDA lesion. Adult mice received a unilateral intrastriatal injection of 6OHDA as described previously (Silva et al., 2005b) . Briefly, mice were pretreated with desipramine, anesthetized with ketamine/xylazine solution, and placed in a stereotaxic frame. A solution of 6OHDA (5.0 g/l in 0.9% NaCl/0.02% ascorbate) was injected by microliter syringe at a rate of 0.5 l/min by pump for a total dose of 15.0 g/3 l. Injection was performed into the left striatum at the following coordinates: AP, ϩ0.09 cm; ML, ϩ0.22 cm; DV, Ϫ0.25 cm relative to bregma. After a wait of 2 min, the needle was slowly withdrawn.
Immunohistochemistry. Immunostaining for TH was performed as described previously . Mice were perfused intracardially with 0.9% NaCl followed by 4.0% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.1. The brain was carefully removed and blocked into midbrain and forebrain regions. The region containing the midbrain was postfixed for 1 week, cryoprotected in 20% sucrose overnight, and then rapidly frozen by immersion in isopentane on dry ice. A complete set of serial sections was then cut through the SN at 30 m. Beginning with a random section between 1 and 4, every fourth section was processed, in keeping with the fractionator method of sampling (see below). Sections were processed free-floating. The primary antibody was rabbit anti-TH (Calbiochem, La Jolla, CA) at 1:750. Sections were then treated with biotinylated protein A and avidin-biotinylated horseradish peroxidase complexes (ABC; Vector Labs, Burlingame, CA). After immunoperoxidase staining, sections were thionin counterstained. The forebrain region containing the striatum was postfixed for 48 h, and then frozen without cryoprotection, and processed as described previously . The optical density of striatal TH immunostaining was determined with an Imaging Research (St. Catherines, Ontario) Analytical Imaging Station.
For anti-FLAG immunostaining, mice were perfused with 4% paraformaldehyde, and the brains were postfixed for 24 h. After cryoprotection overnight, brains were frozen and sectioned through the SN at 30 m. Sections were initially treated with Mouse-on-Mouse Blocking Reagent (Vector Labs) and then processed free-floating with a mouse monoclonal anti-FLAG antibody (Sigma, St. Louis, MO) at 1:1000. Sections were then incubated with biotinylated anti-mouse IgG (Vector Labs), followed by ABC.
To perform immunohistochemistry for phosphorylated c-jun, mice were anesthetized with ketamine/xylazine solution and hypothermia, and provided with supplemental oxygen at the rate of 4 L/min for 6 min. Mice were then perfused immediately with 4% paraformaldehyde in 0.1 M PB containing 0.2 mM Na-orthovanadate at a rate of 5 ml/min for 10 min. The brains were removed, postfixed for 24 h, and then cryoprotected with 20% sucrose in 0.1 M PB overnight at 4°C. SN sections were cut and processed according to the methods described above. Primary antibody was rabbit polyclonal anti-phospho-c-jun (Ser73) (Cell Signaling, Beverly, MA) at a dilution of 1: 50.
Immunostaining for NeuN was performed with a mouse monoclonal antibody (Chemicon, Temecula, CA) at 1:100. Double immunofluorescence staining. For TH and FLAG double staining, mice were perfused and their brains were removed and postfixed for 24 h. After cryoprotection overnight, brains were frozen and sectioned through the SN at 30 m. Sections were blocked with Mouse-on-Mouse Blocking Reagent (Vector Labs) for 1 h at 4°C, and then incubated with the primary antibodies, mouse monoclonal anti-FLAG antibody (Sigma, St. Louis, MO) at 1:1000 and rabbit polyclonal anti-TH (Calbiochem) at 1:1000 in PBS containing Mouse-on-Mouse Diluent Working Solution (Vector Labs) and normal goat serum for 24 h at 4°C. Control sections were prepared either in the absence of primary antibody or with anti-FLAG or anti-TH alone. Sections were then incubated in a mixture of biotinylated anti-mouse IgG reagent and goat anti-rabbit Texas Red (Vector Labs) for 15 min at room temperature, followed by incubation in fluorescein avidin DCS for 1 h at a dilution of 1:100. After PBS wash, the sections were mounted and then coverslipped with DakoCytomation (Carpinteria, CA) anti-fade medium. Sections were viewed with a Nikon (Tokyo, Japan) Eclipse 80i fluorescence microscope.
For phospho-c-jun and FLAG double staining, mice were anesthetized by hypothermia with supplemental oxygen as described above and perfused. The brains were postfixed and cryoprotected. SN sections were cut and processed according to the methods described above. Primary antiphospho-c-jun was diluted at 1:50. Anti-FLAG was diluted at 1:1000.
Determination of SN DA neuron numbers by stereologic analysis. Stereologic analysis was performed under blinded conditions on coded slides. For each animal, the SN on both sides of the brain was analyzed. For each section, the entire SN was identified as the region of interest. Using StereoInvestigator software (MicroBrightField, Williston, VT), a frac-tionator probe was established for each section. The number of TH-positive neurons in each counting frame was then determined by focusing down through the section, using 100ϫ objective under oil, as required by the optical disector method. Our criterion for counting an individual TH-positive neuron was the presence of its nucleus either within the counting frame, or touching the right or top frame lines (green), but not touching the left or bottom lines (red). The total number of TH-positive neurons for each side of the SN was then determined by the StereoInvestigator program.
The number of NeuN-positive neuronal nuclei was determined in a similar manner, except that the region of interest was confined to the SN pars compacta (SNpc).
The cell size of TH neurons in the SN was also determined by use of the StereoInvestigator program. For each brain, five representative sections (one caudal, two middle, and two rostral) were chosen, and five neurons were selected at five random sites from each section. For each group, 100 TH neurons were outlined and measured under a 100ϫ oil-immersion objective.
Determination of the number of apoptotic profiles within the SN. Apoptotic profiles were identified in the SN on TH-immunoperoxidasestained and thionin-counterstained sections as described previously (Silva et al., 2005b) .
Measurement of SN and striatal DA and metabolites. For determination of SN and striatal levels of DA and its metabolites, each brain was placed in a mouse brain matrix and 2.0 mm coronal slices through the forebrain and mesencephalon were taken for dissection of the striatum and SN, respectively. The slices were placed anterior surface up on a glass plate, and the striatum punched out on each side with a 2.0 mm punch. For the SN, ventral mesencephalon was separated from dorsal by a horizontal cut just dorsal to the SN. Tissues were immediately frozen on dry ice. DA, 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) were determined by HPLC by Bioanalytical Systems and expressed as nanograms per sample as described previously .
TH activity assay. For measurement of TH activity, striata and SN tissues were dissected as described above, rapidly frozen on dry ice, and stored at Ϫ80°C. TH activity was assayed by a coupled decarboxylation assay, as described by Waymire et al. (1971) , modified by Tank et al. (1986) . All procedures were performed on ice or in a cold room unless otherwise stated. Frozen tissue was homogenized in 150 l of 30 mM potassium phosphate, pH 6.8, 10 mM EDTA, and 50 mM NaF, and the homogenate was centrifuged at 13,000 ϫ g for 15 min. The resulting supernatant was assayed for TH activity using saturating 4 mM 6-MPH4 (6-methy-5,6,7,8-tetrahydropterine) as cofactor and 0.1 mM [
14 C]tyrosine as substrate, which are essentially V max conditions. Reactions were performed for 10 min at 30°C. Protein was measured using bovine serum albumin as standard (Bradford, 1976) . Results were expressed as picomoles of 14 CO 2 formed per minute per milligram of protein.
Statistical methods. The difference between two groups was analyzed by the t test. Multiple comparisons among groups were performed by one-way ANOVA and Tukey's post hoc analysis. All statistical analyses were performed using SigmaStat software (SPSS Science, Chicago, IL).
Results

DN-DLK(K152A) has trophic effects on DA neurons of the SN
The ability of each AAV vector to successfully transduce DA neurons of the SNpc was assessed by performing immunoperoxidase staining and immunofluorescence double labeling for the FLAG epitope tag and TH as a marker for the dopaminergic phenotype in SNpc at 28 d after injection. These studies demonstrated extensive transduction of neurons within the SNpc, and confirmed expression of the dominant-negative constructs within DA neurons (Fig. 1) .
Given the evidence that high-titer preparations of AAV can be associated with toxicity in DA neurons of the SNpc in vivo (Klein et al., 2006) , we assessed stereologic counts of THimmunostained neurons in SN at 28 d after intranigral vector injection. Neither AAV DN-MLK3(K144R) (Fig. 2 A) nor AAV DN-DLK-LZ (data not shown) had any effect on numbers of SN DA neurons, but, unexpectedly, AAV DN-DLK(K152A) induced a modest (19%) but highly significant ( p Ͻ 0.001) increase in their apparent number (Fig. 2 A) . This increase in cell number was accompanied by a 34% increase in neuronal size compared with contralateral control ( p Ͻ 0.001) (Fig. 2 B) . To determine whether this increase in neuron number was attributable to an actual increase in the neuronal population of the SNpc, or rather to an increased ability to detect DA neurons based on augmented expression of the phenotype marker TH, we performed both immunostaining for a general neuronal marker (NeuN) and enzyme activity assays for TH. Stereologic counts of NeuN revealed no effect of AAV DN-DLK(K152A) (Fig. 2C) . Assay of TH activity, however, revealed a modest (16%), but significant ( p ϭ 0.03) induction after AAV DN-DLK(K152A) (Fig. 2 D) . Changes in TH activity measured under V max conditions represent changes in TH protein levels (Tank et al., 1986) . Not surprisingly, this modest induction was not associated with a change in DA or its metabolites in SN (Table 1) . Nevertheless, we conclude that the apparent increase in the number of SNpc DA neurons after AAV DN-DLK(K152A) was not attributable to an increase in their actual number, but rather to increased TH expression and immunodetection, a phenomenon we had previously observed after injection of a constitutively active form of the neurotrophic signaling kinase Akt (Ries et al., 2006) .
The trophic effects of AAV DN-DLK(K152A) did not extend to the axonal projections of nigrostriatal dopaminergic neurons. No effect was observed on the density of striatal immunoperoxidase staining (data not shown), or on the amount of striatal DA, its metabolites, or turnover (Table 1) .
Dominant-negative forms of DLK, but not MLK3, block apoptosis in DA neurons in the 6OHDA model
To examine the relative roles of MLK3 and DLK in apoptosis in SNpc DA neurons in the 6OHDA neurotoxin model, we injected the toxin at 3 weeks after intranigral viral injection, and assessed apoptosis at 6 d after lesion. DN-DLK(K152A) and DN-DLK-LZ suppressed apoptosis, to 12 and 18%, respectively, of levels observed in AAV GFP-injected controls (Fig. 3 A, B) . Injection of AAV DN-MLK3(K144R), however, did not suppress apoptosis; there was, on the contrary, a trend for an increased number of profiles that did not achieve significance (Fig. 3C) . Because production of AAV DN-MLK3(K144R) was achieved only to a titer of 2.4E12 vg/ml, this result could not be directly compared with those obtained for the DN-DLKs, which were produced in the E13 vg/ml range. We therefore diluted preparations of AAV DN-DLK(K152A) to 2.4E12 vg/ml. At this titer, DN-DLK(K152A) still suppressed apoptosis to 51% of levels observed in AAV GFPinjected controls, a significant effect ( p ϭ 0.01) (Fig. 3D) . We therefore conclude that, at the viral titers examined, dominantnegative forms of DLK suppress apoptosis, but the kinase-dead dominant-negative form of MLK3 does not. Previous studies have shown that an acute suppression of apoptosis in neurotoxin models does not necessarily provide a lasting protection of SN DA neurons (Silva et al., 2005b) , because such an apparent decrease could be attributable to an altered time course of apoptotic cell death, or the rate of clearance of apoptotic profiles. We therefore examined by TH immunostaining and stereological analysis the number of SN dopaminergic neurons remaining at 28 d after lesion in mice injected with the dominantnegative forms of the DLKs compared with AAV GFP controls. Both DN-DLK(K152A) and DN-DLK-LZ provided significant protection at 28 d after lesion. AAV DN-DLK(K152A)-injected mice had 55% survival of DA neurons, compared with only 31% in controls ( p ϭ 0.005) (Fig. 4 A) . AAV DN-DLK-LZ mice showed an even greater protective effect, with a 75% survival rate, compared with 31% in a second AAV GFP control group, processed in parallel (Fig. 4 B) . When the number of surviving DA neurons is expressed as a percentage of the contralateral, noninjected control side, the protective effect of AAV DN-DLK-LZ (75 Ϯ 3%) was significantly greater than that of AAV DN-DLK(K152A) (55 Ϯ 7%) ( p ϭ 0.01, t test). In addition to protecting the survival of SN DA neurons, AAV DLK-LZ also protected them from the atrophy, which occurs after 6OHDA lesion. Whereas AAV GFP injected mice lost 24% of the cross-sectional area of SN DA neurons, AAV DLK-LZ mice showed only a 7% (not significant) loss (Fig. 4 D) . Despite their inhibition of apoptosis in SNpc, and their lasting protection of dopamine neurons, neither dominant-negative form of DLK protected dopaminergic axon terminals in the striatum (Fig. 4 E) .
The neuroprotection provided by AAV DN-DLK-LZ correlates with inhibition of c-jun phosphorylation
In these experiments, even the most effective of the two dominant-negative forms of DLK, DLK-LZ, still demonstrated a 25% loss of SN dopaminergic neurons after 6OHDA. We therefore investigated the reasons for this persistent cell death. Analysis of the efficiency of transduction at 28 d after intranigral injection of AAV DN-DLK-LZ revealed that 71 Ϯ 6% were transduced ( Fig. 5A ). This percentage is not significantly different from the percentage of neurons that survive after transduction (75 Ϯ 3%). We therefore conclude that the persistent neuron death in the 6OHDA model after AAV DN-DLK-LZ can be mainly, if not entirely, attributable to the level of transduction efficiency.
We next sought to determine to what degree prevention of cell death by successful transduction with AAV DN-DLK-LZ could be attributed to the inhibition of phosphorylation of c-jun. At a population level of analysis, we found that transduction with AAV DN-DLK-LZ reduced the number of PO 4 -c-jun positive profiles to 38 Ϯ 13% of those observed in AAV GFP controls at 6 d after 6OHDA (Fig. 5 B, C) . This percentage is not significantly different from the number of DA neurons that were not transduced by AAV DN-DLK-LZ (29 Ϯ 6%), nor is it different from the percentage of neurons that died (25 Ϯ 3%) ( p ϭ 0.6, NS, ANOVA). At a cellular level of analysis, we found that there were only very rare instances of c-jun phosphorylation in the presence of DN-DLK-LZ, detected by FLAG immunofluorescence staining (Fig. 5D) . We therefore conclude that there are very close relationships between transduction with AAV DN-DLK-LZ, inhibition of c-jun phosphorylation and neuron survival. In other words, we found no evidence for a survival effect that exceeded the degree of inhibition of c-jun phosphorylation. Conversely, we did not detect a survival effect that was substantially less than the level of inhibition of c-jun phosphorylation, as would be anticipated if death mechanisms independent of PO 4 -c-jun were at work.
To further explore the role of c-jun phosphorylation in mediating cell death in this model, we examined the number of phospho-c-jun-positive profiles in SNpc after transduction with AAV DN MLK3(K144R), which did not prevent cell death. We found that DN MLK3(K144R) did not block c-jun phosphorylation after 6OHDA, in comparison with a control AAV GFP injection (Fig. 5E) . We conclude that, in this model, phosphorylation of c-jun appears to be both necessary and sufficient to mediate cell death.
Discussion
Although the primary purpose of these investigations was to identify and characterize the antiapoptotic effect of MLK inhibition in vivo, we observed that the kinase-dead dominant-negative form of DLK also had trophic effects on DA neurons of the SN. These effects were observed at the level of the cell soma, and included an increase in neuron size and the activity of TH within the nigra. These observations have precedents in studies performed in tissue culture. Harris et al. (2002) observed that the MLK inhibitor CEP1347 prevented not only the cell death but also the decreases in protein synthesis and cell size that occur after withdrawal of NGF. Strikingly, CEP1347 not only prevented soma atrophy but also reversed it (Harris et al., 2002) . Subsequent observations by Wang et al. (2005) demonstrated that treatment with a CEP1347 analog, CEP11004, induced increased expression of TrkA and activation of the signaling kinase Akt. These investigators postulated that inhibition of the MLKs mediated the changes in TrkA and Akt, but they recognized that a non-MLK-related mechanism could be at work. Indeed, Roux et al. (2002) also observed trophic effects of CEP1347, associated with activation of Akt, but they postulated that these effects were independent of MLK inhibition. Our results support the proposal of Wang et al. that inhibition of the MLKs alone may be sufficient.
It is uncertain why a kinase-dead dominant-negative form of DLK had trophic effects on DA neurons, whereas an LZ alone construct did not. We doubt that this difference can be attributed to quantitative differences between the two constructs in their blockade of DLK, because DN-DLK-LZ was produced at a higher titer and had a more pronounced effect in protecting DA neurons from cell death. We postulate that the different effects of the two dominant negatives are more likely to be attributable to qualitative differences in their mechanisms of action. The DN-DLK-LZ construct blocks homodimerization of DLK molecules and Although DN DLK(K152A) increased TH activity within the SN, the modest effect did not result in a change in levels of DA or its metabolites within either the SN or the striatum. Figure 3 . Dominant-negative forms of DLK inhibit apoptosis in SN DA neurons after intrastriatal 6OHDA. A, Adult male mice were injected with either AAV GFP or AAV DN-DLK(K152A) and then with 6OHDA 3 weeks later. At 6 d after lesion, animals were killed, and the number of apoptotic profiles in the SNpc was determined. AAV DN-DLK(K152A) reduced the number of apoptotic profiles to 12% of the number observed in AAV GFP controls [p Ͻ 0.001, t test; n ϭ 8 GFP controls; n ϭ 7 DN-DLK(K152A)]. B, In a similar experiment, AAV DN-DLK-LZ (n ϭ 7) reduced the number of apoptotic profiles to 18% of that observed in AAV GFP controls (n ϭ 7) ( p ϭ 0.02, t test). C, AAV DN-MLK3(K144R) had no effect on the number of apoptotic profiles after 6OHDA. D, To directly compare kinase-dead DN-DLK(K152A) to DN-MLK3(K154R), the viral stocks of AAV DN-DLK(K152A) were diluted to a titer equal to that of AAV DN-MLK3(K144R) (2.4E12 vg/ml). Even at this diluted titer, AAV DN-DLK3(K152A) retained the ability to suppress apoptosis ( p ϭ 0.01, t test; n ϭ 11). Error bars indicate SEM.
thereby prevents autophosphorylation and activation (Nihalani et al., 2000) . DLK-LZ does not have dominant-negative effects on MLK3 kinase activity (Nihalani et al., 2000) . DN-DLK(K152A), however, remains capable of homodimerization and heterodimerization, and may have a broader spectrum of dominantnegative effects. The DN-DLK(K152A) and DN-DLK-LZ dominant-negative forms had equal efficacy in their ability to block apoptosis in DA neurons in the 6OHDA model. For both dominant negatives, the antiapoptotic effect provided a lasting enhanced survival. Although DN-DLK-LZ provided a greater degree of survival than DN-DLK(K152A), the parameters of these in vivo experiments do not permit a conclusion that DN-DLK-LZ is inherently more effective. These results support the interpretation of previous studies of CEP1347 and CEP11004 that their antiapoptotic effects are likely to be primarily attributable to inhibition of the MLKs rather than their apparently independent ability to stimulate the antiapoptotic kinase Akt (Roux et al., 2002) . Although previous studies with these compounds in rodent models of parkinsonism (for review, see Silva et al., 2005a) do not permit analysis of molecular specificity, because of their broad inhibitory effects within the MLK family, the present study suggests that DLK may play a specific role. Whereas observations of the antiapoptotic effect of DN-DLK(K152A) alone would not permit such a conclusion, because of its known interactions with other MLKs, including MLK3 (Xu et al., 2001 ), similar observations with DN-DLK-LZ do support a specific role, given its molecular specificity (Nihalani et al., 2000) . The role of DLK in mediating apoptosis in this context is unlikely to be attributable to a unique ability, among the MLKs, to mediate cell death. Observations in vitro in rat cells have demonstrated the ability of other members of the MLK family to mediate apoptosis . It is more likely that the much greater relative abundance of DLK in rodent SN (Ganguly et al., 2004 ) is responsible for its preponderant role. Furthermore, although we were unable to demonstrate a protective effect of DN-MLK3(K144R) in the presence of confirmed protein expression (Fig. 1) , we did not quantify the level of expression in comparison with that of the DLK forms. Therefore, we cannot definitively exclude a possible role for MLK3 in cell death in this model.
In addition to its antiapoptotic effect, DN-DLK-LZ prevented atrophy of dopaminergic neurons after 6OHDA lesion. This trophic effect appears to be distinct from that of DN-DLK(K152A) on normal, unlesioned neurons, because DN-DLK-LZ did not demonstrate such effects. This ability of DN-DLK-LZ to either prevent or reverse atrophy of these neurons after lesion is similar to the ability of CEP1347 to both prevent and reverse atrophy of sympathetic neurons after NGF withdrawal (Harris et al., 2002) .
The neuroprotective effects of DN-DLK(K152A) and DN-DLK-LZ did not, however, include preservation of the nigrostriatal axonal projections. This result was disappointing and unexpected, given our previous demonstration of a striking protective effect of CEP11004 on striatal dopaminergic fibers in postnatal 6OHDA model (Ganguly et al., 2004) . Other investigators had (Sauer and Oertel, 1994) . AAV DN-DLK(K152A) increased the number of surviving DA neurons to 55% of the contralateral control (CON) noninjected side, which represents an 80% increase over the number of surviving neurons in the AAV GFP group [p ϭ 0.005, ANOVA; n ϭ 8 and 7, AAV GFP and AAV DN-DLK(K152A), respectively]. B, In a similar experiment, AAV DLK-LZ increased the number of surviving DA neurons to 75% of the contralateral control, which represents a 153% increase over the number of surviving neurons in the AAV GFP group ( p Ͻ 0.001, ANOVA; n ϭ 6 and 8 AAV GFP and AAV DN-DLK-LZ, respectively). C, A representative set of sections stained for TH (brown) and Nissl-counterstained after injection of AAVs and unilateral intrastriatal 6OHDA. At 28 d after 6OHDA, a mouse given AAV GFP shows very few surviving DA neurons in the SNpc. A mouse given AAV DN-DLK-LZ shows substantial preservation of DA neurons. D, AAV DN-DLZ-LZ preserves DA neuron size after 6OHDA. In the AAV GFP control condition, there is a 24% loss of cross-sectional area ( p Ͻ 0.001, ANOVA; n ϭ 100 neurons), whereas in the AAV DN-DLK-LZ condition there is only a 7% trend ( p ϭ 0.4, NS). Error bars indicate SEM. E, Neither AAV DN-DLK(K152A) nor AAV DN-DLK-LZ protected dopaminergic axons. Representative TH-immunostained striatal sections demonstrate that, for both GFP (top) and AAV DLK-LZ (bottom), there is near-complete loss of striatal TH staining after intrastriatal 6OHDA. Similar results were observed with AAV DN-DLK(K152A) (data not shown).
also previously demonstrated protection of dopaminergic axons by blockade of downstream targets in the MAPK cascade, including c-jun in an axotomy model (Crocker et al., 2001 ) and c-jun N-terminal kinase (JNK) in the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model of parkinsonism (Xia et al., 2001 ). This result is not, however, unlike those of others who failed to achieve axonal protection despite effective preservation of nigral dopaminergic cell bodies because of blockade of PCD pathways (Eberhardt et al., 2000; Hayley et al., 2004; Silva et al., 2005b) . This result supports the concept that the molecular pathways that mediate axonal degeneration are likely to be distinct from those of PCD, which mediate destruction of the cell soma (Raff et al., 2002; Coleman, 2005) .
Transduction of SN DA neurons with dominant-negative forms of DLK was not entirely effective in blocking cell death induced by 6OHDA. In DN-DLK(K152A) and DN-DLK-LZ injected mice, there was persistent apoptosis resulting in a loss of 45 and 25%, respectively, of DA neurons. In the case of DN-DLK-LZ, the more effective of the two, this loss seemed to be simply attributable to the level of transduction efficiency. Among DN-DLK-LZ-injected mice, a mean of 71% of DA neurons were successfully transduced (range, 60 -84%). This level of transduction is not significantly different from the percent survival achieved (75 Ϯ 3%).
The canonical model for mediation of PCD by MAPK cascade signaling has been that phosphorylation and activation of JNK by upstream kinases leads to activation of c-jun, which, in turn, results in the transcriptional activation of cell death mediators (for review, see Silva et al., 2005a) . However, there is now much evidence indicating that other JNK targets, in addition to c-jun, play a role in PCD. JNK can phosphorylate and diminish the antiapoptotic effects of Bcl-2 and Bcl-X L (Maundrell et al., 1997; Kharbanda et al., 2000) , and it can activate the proapoptotic effects of Bad, Bim, and Bmf (Donovan et al., 2002; Lei and Davis, 2003) . In addition, a non-c-jun-dependent mechanism of cell death induction by JNK3 has been observed in an axotomy model in vivo (Keramaris et al., 2005) . Conversely, phosphorylation of c-jun is not universally associated with cell death; c-jun also appears to play a vital role in axonal regeneration (Raivich et al., 2004; Waetzig et al., 2006) . However, our analysis of the relationships between transduction efficiency, phosphorylation of c-jun at the cellular and population levels, and cell loss suggest that DLK and its downstream target JNK act in this model to induce cell death primarily by the phosphorylation and activation of c-jun. At the population level, percent transduction efficiencies for SN DA neurons (71 Ϯ 6%) were not significantly different from the percent reduction in phospho-c-jun profiles induced by 6OHDA (62 Ϯ 13%). At a cellular level, the presence of phosphorylated c-jun in AAV DN-DLK-LZ transduced neurons was exceedingly rare. Given that JNK is the principal kinase for c-jun in tissue (Kyriakis and Avruch, 2001 ), these results suggest that dominant-negative blockade of DLK in this context is highly likely to have also blocked JNK activation. In experiments with AAV DN-DLK-LZ, the percentage of non-transduced neurons, the residual percentage of cells expressing phosphorylated c-jun, and the percentage of neurons that died were not significantly different. These similar percentages suggest that it is unlikely that JNK acts substantially by any c-jun-independent mechanism to induce cell death.
The principal conclusion from these studies is that specific inhibition of DLK in this model blocks the phosphorylation of c-jun and thereby prevents neuronal death. In fact, our results A, To determine the transduction efficiency of AAV DN-DLK-LZ, n ϭ 4 mice were injected into the SN and killed 4 weeks later for double-labeling of TH and FLAG. In sections from each animal, n ϭ 25 TH-positive profiles (n ϭ 100 total) were assessed for FLAG staining; 71.1 Ϯ 6% of TH profiles were FLAG-positive. B, C, The efficacy of AAV DN-DLK-LZ to suppress c-jun phosphorylation was assessed at the population level, by counting the number of PO 4 -c-jun-positive immunostained profiles at 6 d after 6OHDA, in mice which received either AAV GFP (n ϭ 7) or AAV DN-DLK-LZ (n ϭ 10). Absolute counts are shown in B; counts as a percentage of the mean among the AAV GFP mice is shown in C. AAV DN-DLK-LZ reduced the number of PO 4 -c-jun profiles to 38 Ϯ 13% of the number observed in AAV GFP mice. Error bars indicate SEM. D, The relationship between transduction with AAV DN-DLK-LZ and phosphorylation of c-jun after 6OHDA was examined at the cellular level by double-labeling for FLAG and PO 4 -c-jun at 6 d after 6OHDA. Of 752 profiles examined in sections from three mice, 449 (59.7%) stained for PO 4 -c-jun alone, 300 (39.8%) stained for FLAG alone, and only 3 profiles (0.4%) stained for both. Thus, phosphorylation of c-jun in the presence of AAV DN-DLK-LZ was exceedingly rare. A representative field demonstrates the discordance between FLAG and PO 4 -c-jun staining at the cellular level. E, Transduction of SNpc neurons with AAV DN-MLK3(K144R) does not block phosphorylation of c-jun after 6OHDA. The abundance of PO 4 -c-jun-positive nuclear profiles is about the same after AAV DN-MLK3(K144R) as it is after AAV GFP, as shown in a representative low-power micrograph in E and confirmed by quantitative analysis (data not shown). Representative phospho-c-jun nuclear staining is shown at high magnification in the inset in E. Positive phospho-c-jun staining in the GFP and MLK3(K144R) conditions, on the side of the 6OHDA injection, is shown in the low-power micrographs encircled in red.
suggest that the chief limiting factor for prevention of neuron death is transduction efficiency. These results add to the growing evidence that MLK inhibition provides protection from neuronal death (for review, see Wang et al., 2004) . Although enthusiasm for this approach has been diminished by the negative results of a clinical trial in PD patients that failed to demonstrate an ability of CEP1347 to slow clinical progression (Waldmeier et al., 2006) , these results cannot be taken as proof of failure of the MLK inhibition approach. One reason is that it is unknown whether kinase inhibition was achieved (Burke, 2007) . A viral vector-based approach offers the advantages that intracellular blockade of MLKs is likely to be achieved, and molecular and regional specificity are possible. We therefore conclude that viral vector-based inhibition of cell death kinases merits consideration as a neuroprotective approach to PD.
